Experimental results on sorption-induced deformation during npentane desorption were obtained by in-situ dilatometry and in-situ small angle X-ray scattering (SAXS). The sample investigated was a silica-based monolith with hierarchical pore structure comprising a macroporous network of struts, each strut containing well-defined cylindrical mesopores ordered on a 2D hexagonal lattice. In-situ dilatometry and in-situ SAXS measurements revealed strain isotherms of similar shape, which are qualitatively in good agreement with recent theoretical predictions. From the relative pressure range of the liquid filled mesopores a pore load modulus of 1.5 GPa is determined. The relative pressure region of mono-and multilayer formation, however, reveals differences between the two independent methods. In particular, the net strain at saturation pressure is considerably larger for in-situ dilatometry. We attribute this observation to the different sensitivity of the two methods to anisotropic deformation in the hierarchical solid framework. While in-situ SAXS measures the mesopore lattice strain and is therefore exclusively sensitive to radial deformation of the struts, dilato- metry measures the linear deformation of the isotropic macroscopic sample, being sensitive to the volumetric strain of the whole network.
Introduction
Sorption-induced deformation of porous solids is a long known phenomenon already being reported in the early 20 th century by Whipple [1] and Meehan [2] . The first theoretical model to explain the volume changes in porous materials due to gas adsorption was proposed by Bangham [3] ; it is based on the change of the fluid-solid interfacial energy, leading to a change in the stress state of the solid. However, application of this model to strain data obtained on mesoporous glass with dilatometric setups during gas adsorption revealed that Bangham's model alone was only partially able to explain the observed effects [4, 5] . The issue of mesopore deformation received renewed attention in the context of drying and characterization of silica aerogels in the 1980's and 90's [6] [7] [8] . Using in-situ dilatometry measurements Reichenauer and Scherer demonstrated large sorption-induced strains exceeding 40 vol % during the characterization of aerogels with nitrogen sorption at 77 K, which lead to highly erroneous pore size distributions [9] [10] [11] . Contrary to the early work of Bangham, these papers considered only the compressive capillary pressure at the liquid-vapor interphase, which upon capillary condensation dominates sorption-induced deformation for compliant aerogel structures. These basic findings were independently confirmed by Mogilnikov et al. using ellipsometric porosimetry on thin mesoporous low-k films [12] .
Complementary to these studies on macroscopic samples, in 1996 Dolino et al. [13] determined for the first time sorption-induced strains at the microscopic level by measuring lattice parameter changes in porous silicon. Moreover, the development of mesoporous molecular sieves provides highly ordered 2-and 3-dimensonal pore lattices, such as for instance MCM-41 [14] or SBA-15 [15] . The wellordered pore structure of these materials combined with narrow pore size distributions opened the possibility to perform detailed studies of sorption-induced deformation on the microscopic level by directly probing the deformation of the mesopore lattice, either by means of small-angle X-ray diffraction on powder samples of MCM-41 and SBA-15 [16] [17] [18] , X-ray reflectivity [19] or grazing-incidence smallangle X-ray diffraction [20] on mesoporous thin films. Similar to Reichenauer and Scherer, these investigations focused on high relative vapor pressures, where the deformation of filled pores can be attributed to capillary pressure. In contrast, dilatometry and ellipsometric porosimetry were recently applied to investigate sorption-induced deformation especially in materials with highly disordered pore structures [21] [22] [23] , addressing to some extent the pressure regime related to monoand multilayer formation as well as micropore filling.
Given the experimental data acquired within recent years and the steadily increasing computational capabilities, Neimark and Gor published an analytical framework for sorption-induced deformation in cylindrical mesopores based on the Derjaguin, Broekhoff and de Boer (DBdB) theory [24] and backed by density functional theory (DFT) calculations [25] . A different approach was chosen by Schoen and coworkers, who performed Grand-Canonical Monte Carlo simulations of fluid adsorption and condensation for slit-shaped mesopores, including a simple model of the solid surface by harmonically bound surface atoms to a rigid backbone [26, 27] . Both groups could describe experimental results qualitatively and to some extent quantitatively [16, 28, 29] , however, the more complex pore structures often found in application related materials and their corresponding deformational behavior are far from being fully understood.
With respect to experimental studies of sorption-induced deformation the current situation is rather double tracked: while the experimental techniques of in-situ dilatometry and in-situ ellipsometric porosimetry observe the macroscopic length change of monolithic samples and thin films, respectively, X-ray based techniques allow for obtaining the deformation of the pore lattice for systems with ordered porosity, and/or the crystal strains in case of crystalline walls. Direct comparison of results on both length scales was suffering in the past from the fact that the best suited model systems for studying sorption-induced deformation, i.e. SBA-15 and comparable materials, were only available as powders or thin films and therefore not accessible to macroscopic investigations. More recently, the synthesis of monolithic materials with hierarchical porosity has been reported [30] [31] [32] [33] . These silica based materials consist of a macroporous network of struts, each strut containing cylindrical mesopores on a 2D hexagonal lattice with similar pore characteristics as SBA-15. Using such a hierarchically organized material we present in this paper a first direct comparison of micro-and macroscopic sorption-induced deformation on monolithic silica based materials with highly ordered mesopore structure. This is achieved by performing sorption experiments with in-situ dilatometry and in-situ small angle X-ray scattering (SAXS). The only related experimental study we are aware of deals with electrosorption of ions in nanoporous gold and compares macroscopic dilatometric data with strain data from lattice parameter measurements [34] . Data and conclusion presented in that paper give clear evidence that the stress initiated in nanopores can cause significantly different deformation on a macroscopic monolithic sample and its underlying crystal lattice, respectively. These findings underline the importance of comparing micro-and macroscopic deformations in order to understand sorptioninduced deformation.
Since the structure of the hierarchical silica-based material used in this study is quite complex, we first provide a thorough characterization using scanning electron microscopy (SEM), nitrogen sorption and SAXS. We then compare the results from sorption-induced deformation of the mesopore lattice with the corresponding macroscopic length change during the desorption of n-pentane. Finally the results are discussed within the framework of currently available models for sorption-induced deformation.
Experimental
The monolithic silica-based sample with hierarchical pore structure was synthesized by the method reported in detail in [30, 31] . In brief, the block copolymer Pluronic ® P123 (molar mass = 5800 g/mol) and trimethylchlorosilane were purchased from Sigma-Aldrich and used without further purification. Tetraethylorthosilicate (TEOS, = 208.32 g/mol) and ethylene glycol (EG, = 62.07 g/mol) were purchased from Merck. Ethylene glycol was dried over anhydrous sodium sulfate and distilled from magnesium. The synthesis of tetrakis(2-hydroxyethoxy)silane (EGMS) was performed according to Mehrotra and Narain with some modifications in the transesterification reaction [31, 35] . The block copolymer P123 was dissolved in hydrochloric acid in a ratio of P123/(1 molar HCl) = 30/70 wt %. Tetrakis(2-hydroxyethoxy)silane was homogenized with the surfactant solution at room temperature with a composition of the final sol of Si/P123/(1 M HCl) = 8.4/30/70. This sol was poured into molds and kept at 40 ∘ C for 7 d for gelation and aging. Removal of Pluronic P123, water and glycol was performed by pre-washing the gels in ethanol and petroleum ether (PE). Subsequently, the wet gels were immersed in a solution of 10 wt % of TMCS (trimethylchlorosilane) in PE for 24 h followed by washing with PE and ethanol. In contrast to previous studies [30, 32] the sample for this work was not calcined, but treated in refluxing HCl/EtOH (50/50) for 6 h, washed with ethanol, and subsequently dried at ambient pressure. This procedure proved to enhance the degree of condensation of the silica network, which leads to a more stable network and less shrinkage during drying. Monoliths of the sample material were used to determine the bulk density of the sample = / , with and the degassed mass and volume of the monolithic sample, respectively. Additionally, the density of the solid backbone, The combined measurement of n-pentane sorption and dilatometry was performed with a commercial volumetric sorption unit (ASAP Micromeritics, Norcross GA, USA) re-equipped with a dilatometric setup, which replaced the standard sample holder of the instrument. The dilatometric setup consisted of a custom designed sample holder, a linear variable differential transducer (LVDT, Macro Sensors, Pennsauken, NJ, USA) and a temperature controlled shield for the LVDT [22] . The setup allows simultaneous determination of the amount of gas adsorbed by the sample and the corresponding linear length change, . After the measurement, is normalized to the length of the cylindrical sample, 0 . The accuracy of the dilatometric setup is ±0.2 μm. The sample investigated was a monolithic cylinder of length 0 = (27.5 ± 0.1) mm cut from a longer sample piece with a diamond saw; as a consequence the resolution in linear relative length change / 0 was ±7 × 10 −6 . The analysis gas used for the investigation of sorption deformation was n-pentane (UniSolv ® purchased from Merck), which was chosen as it can also be handled at ambient temperature in the scattering setup used in parallel. Prior to measurement, the sample was degassed directly in the sample holder for approximately 3 h at 100 ∘ C and a vacuum better than 10 −3 mbar, i.e. the sample had no contact to the laboratory atmosphere between degassing and the actual analysis. During the measurement the sample holder was kept in a water/ice bath with a temperature of (273.15 ± 1.0) K. The temperature of the bath was monitored using a negative temperature coefficient (NTC) temperature sensor. The n-pentane vapor saturation pressure corresponding to the bath temperature is 0 = (244 ± 10) mbar [36] , the error corresponding to the temperature uncertainty of ±1 K. For data evaluation the value of 0 = 244 mbar was used.
The sample used for SAXS analysis was an about 1 mm thick slice, cut from the monolithic cylindrical sample rod by a diamond saw. In-situ SAXS measurements were performed with a laboratory SAXS system (NanoStar, Bruker AXS, Karlsruhe). The system is equipped with a sealed tube X-ray source with copper anode. CuK -radiation (wavelength = 0.154 nm) was selected by a pair of parabolically bent multilayer monochromators (Göbel mirrors). The scattered X-rays were recorded with a 2D-HiStar detector (Bruker AXS, Karlsruhe, Germany). The sample environment consisted of a custom made, temperature controlled sample cell with Be-windows, connected to a vapor dosing system described in [37] . After evacuating the sample for one hour at 60 ∘ C and a vacuum <10 −3 mbar, the sorption experiment was started by slowly dosing n-pentane to the sample while continuously collecting SAXS patterns. The whole continuous adsorption/desorption cycle was set to approximately 20 h. The temperature of the reservoir was at room temperature (approximately 298 K) and the sample temperature was kept constant at (293 ± 1) K during the whole measurement. The corresponding saturation vapor pressure used to normalize the n-pentane vapor pressure was 0 = (566 ± 22) mbar [36] . The measurement time for each SAXS frame was 300 s. This time was sufficient to get reliable statistics also with the laboratory system. The SAXS instrument was calibrated using a silver behenate standard sample [38] placed at exactly the same sample-detector distance as the silica-based sample under investigation. The obtained 2D scattering patterns were azimuthally averaged, corrected for instrumental background, and transformed into intensity versus scattering vector , with = 4 ⋅ sin / and 2 being the scattering angle. Integrated Bragg peak intensities from the 2D hexagonal pore lattice were determined from ⋅ 2 vs. plots by calculating the area under each peak after subtracting a linear background. Positions of the Bragg-peaks were determined by calculating the mean value peak = ( ⋅ )/ within a suitable interval of the strong (10) peak in the scattering profile. For scanning electron microscopy (SEM) images monolithic pieces (partially sputtered with gold for 80 s) were analyzed with a Zeiss FE-SEM Ultraplus operating at 2 kV.
Results and discussion

Pore structure
The as-synthesized sample was in the form of a cylindrical rod of several centimeters length and about 4 mm in diameter (Fig. 1a) . Scanning electron microscopy (SEM) shows that the sample is highly porous at the micrometer scale consisting of an interconnected network of strut-like elements of about 1-2 μm in length and roughly 300-500 nm in diameter (Fig. 1b) . These elements consist of subunits with more circular shaped cross-section, which seem, however to have at 
0.250 ± 0.006 1.75 ± 0.03 3.43 ± 0.10 86 ± 3 least partly laterally fused. Figure 1c shows a high resolution SEM image, where regularly arranged cylindrical mesopores within the struts are clearly recognized. From Figure 1c the pore to pore distance is roughly estimated to be between 10 and 15 nm. TEM on similar samples [31] revealed that the struts in these monolithic samples indeed comprise cylindrical mesopores on a 2D hexagonal lattice, with a pore to pore distance of roughly 11-13 nm, depending on the details of sample preparation. The bulk density of the sample and the density of the solid phase are given in Table 1 . It should be noted that the solid phase density of 1.75 g/cm 3 is considerably lower than the density of non-porous silica in similar sol-gel derived materials (around 2.1-2.2 g/cm 3 , see e.g. [39] ). This low solid density may be related to the fact that the sample was not calcined, and therefore still contained a considerable amount of organics. The nitrogen sorption data were evaluated with standard evaluation procedures and the results are presented in Table 2 . The BET-theory [40] yielded the specific surface area, BET , and the C-parameter. Furthermore the t-plot method [41] was applied using the reference isotherm suggested by Broekhoff and deBoer [42] Gurvich , was determined at a relative pressure / 0 = 0.95 to be Gurvich = (0.88 ± 0.01) cm 3 /g. Using the results from the t-plot method and the Gurvich rule the specific meso-and macropore volumes were calculated: meso = Gurvich − mic and macro = total − Gurvich . To determine the size of the mesopores from sorption data, knowledge about their geometry and specific surface area is required. From visual analysis of the strut size in the SEM images and the characterization above (see Fig. 1b ) we estimated that less than 5% of the total specific surface is due to the interface between the micron sized struts and the macropores and thus ext can be considered the specific surface area of the mesopores. From the mesopore volume and the external surface area, the pore diameter meso = 4 meso / ext is calculated under the assumption of a circular mesopore cross-section. In addition, the average mesopore diameter DFT was determined by a DFT analysis routine (implemented in the ASAP2020 analysis software) again assuming circular cross-section [44, 45] . All quantities calculated from the N 2 sorption isotherm are summarized in Table 2 . The apparent discrepancy between meso and DFT will be discussed further below together with the SAXS analysis of the pore diameter. respectively. Generally, a good qualitative agreement between both isotherms is observed, in particular for the sharp hysteresis loop associated with a narrow mesopore size distribution. For n-pentane capillary condensation/evaporation takes place at lower relative pressures despite the significantly higher temperature. This effect can be explained by the Kelvin equation describing the position of the desorption branch of the hysteresis: due to the higher liquid-vapor surface tension ( N 2 = 8.72 mN/m [46] , pentane = 18.22 mN/m [36] ) and molar volume of Table 3 .
n-pentane as compared to nitrogen, the position of the desorption branch for npentane is shifted to lower / 0 . Additionally, there is an offset of approximately 0.06 cm 3 /g in the amount adsorbed between both isotherms, indicating that npentane may not access all micropores due to its larger molecular size as compared to nitrogen. The SAXS profile of the sample is shown in Figure 3a . The vertical dashed lines indicate the calculated peak positions for a 2D hexagonal mesopore lattice with a lattice parameter of = 13.05 nm, confirming the hexagonal pore lattice expected for this type of materials. The value of is considerably larger than the value derived for similar samples, which were calcined (typically less than 12 nm, see [31] ). This confirms the above statement that calcination leads to more shrinkage and consequently smaller mesopore size. Using the specific mesopore volume from Table 2 together with the solid phase density from Table 1 , the volume fraction of mesopores in the struts can be calculated by meso = meso /( meso + mic + 1/ solid ) = 0.54 ± 0.01. It should be noted that the volume fraction defined this way relates the mesopore volume to the total volume of the struts (see Fig. 1 ), rather than to the total sample volume. The volume fraction of cylindrical mesopores with a pore diameter and a lattice parameter on a 2D hexagonal lattice in a strut is given by simple geometric considerations:
Equation (1) allows for calculating a mesopore diameter = SAXS from the lattice parameter and the mesopore volume fraction determined from nitrogen sorption data (see Table 2 ). This value agrees well with the result obtained by DFT, but is in striking disagreement with meso , which was estimated from the mesopore surface to volume ratio. Neither an erroneous solid phase density nor a possible deviation of the pore shape from circular can explain such a large difference. From the perspective of sorption data the quantitative difference between meso and DFT indicates that the reference isotherm of the t-plot method and/or the DFT solid-fluid interaction parameters applied do not reflect the adsorption on the silica-organic hybrid surface properly. From the perspective of SAXS data, however, it is possible to assume that by far not all porosity present within the struts is "ordered" in terms of contributing to the Bragg reflections. A similar situation was found during studies of SBA-15 silica powders by Jähnert et al. [39] . In that work, the "corona-model" originally proposed by Imperor-Clerk et al. [47] and later refined by Zickler et al. [48] was adopted to describe surface roughness and related microporosity within the mesopore walls of SBA-15 silica. To estimate the amounts of "ordered" and "disordered" pores the corona model uses a combination of nitrogen sorption and SAXS data. Although the degree of order in the present sample is somewhat lower than in the previously investigated SBA-15 samples, we employed this approach to the present material. The integrated intensities of the (10), (11) , and (20) peaks, and upper values for the (21) and (30) peaks (which are barely visible in the SAXS profile, see Fig. 3a ) of the sample were fitted with the two-step model described in detail in [48] . From this model two diameters 1 and 2 separating the pore space from the solid silica phase by a corona of thickness ( 1 − 2 )/2 with a relative density = corona / solid are obtained. The results are shown in Figure 3b together with a fit of a simple one-step model to the first three reflections. Figure 3b clearly demonstrates that a one-step model (assuming a constant wall density and no roughness) is not capable to describe the measured intensities. It gives a bad fit for the first three reflections, and completely fails to represent the (experimentally almost absent) higher order reflections. In particular the integrated intensity of the (21) reflection should be even larger than the one of the (11) and the (20) reflections, which is obviously not the case in Figure 3a . In contrast to the one-step model, the two-step model describes the integrated intensities quite well, the fitting parameters being tabulated in Table 3. It should be noted that the three parameters 1 , 2 and are strongly interdependent, i.e. different combinations leading to similar fit quality. A very stable parameter on the other hand, is the so called "equivalent pore diameter" eq , which is defined as the diameter of a cylinder having the same volume per unit length as the model pore with porous corona:
Taking the value of eq together with the lattice parameter , the pore volume fraction of the ordered pores ord can be calculated by using Eq. (1). In other words, ord is the volume fraction of pores per unit volume of struts contributing to the Bragg reflections of the pore lattice. With the total volume fraction of mesoand micropores derived from nitrogen sorption, i.e. Gurvich = Gurvich / strut = Gurvich /( Gurvich + 1/ solid ), the volume fraction of disordered pores inside the struts is calculated to dis = Gurvich − ord . We use the total volume fraction of meso-and micropores for this calculation, since it is not clear whether and to which amount micropores in the pore walls contribute to the ordered porosity from SAXS [49] . Finally, the specific volumes of the ordered and disordered pores per unit mass of silica are calculated by ord = ord / Gurvich ⋅ Gurvich and dis = dis / Gurvich ⋅ Gurvich , respectively. The numeric values for specific pore volumes and respective porosities are given in Table 3 . Table 3 : Lattice parameter , pore diameters 1 and 2 separating the pore space from the solid phase by a corona of thickness ( 1 − 2 )/2 with a relative density = corona / solid . The volume fraction of the ordered pores per unit volume of struts, ord , is determined from SAXS only by using Eq. (1) with the equivalent diameter eq obtained from the 2-step model fit in Fig.  2 (see text) . The corresponding fraction of the disordered pores dis , is calculated including Gurvich Summarizing the results from structural characterization with SAXS and nitrogen sorption, we conclude that the mesopores in the present sample contain a corona with a rough surface and micropores within the pore walls, similar to SBA-15 silica [39] . The detailed SAXS analysis shows that a considerable fraction dis (about 1/3) of the pore volume in the struts is not related to the ordered pores seen with SAXS. These pores may be associated with uncorrelated microporosity within the pore walls of the ordered mesopores and with uncorrelated surface roughness, as was demonstrated by Muter et al. [49] . For the sample presented in this study additional sources of disordered mesoporosity are the joints, where different bundles of struts meet and the order of mesopores must obviously be somehow distorted (see Fig. 1b and c) . The average mesopore diameter is hard to quantify despite the comprehensive characterization data and the application of the corona model. The organic-silica hybrid nature of the sample makes the application of established sorption references used in t-plot or DFT disputable, while SAXS analysis is complicated by the above discussed disordered porosity. A rather complex, perhaps even inhomogeneous pore structure cannot be excluded at this point.
However, the overall sample characterization shows, that the sample material combines the two attributes essential for the combined investigation of sorptioninduced deformation by in-situ SAXS and in-situ dilatometry: first, the sample material exhibits an ordered mesopore structure less defined but comparable to SBA-15, which makes it suitable for SAXS studies. Second, the ordered mesopore structure is embedded in a network of struts, which form a macroscopic monolithic sample large enough to access the network deformation with reasonable resolution by dilatometry. The isotropy and disorder of the strut network make the interpretation of dilatometric data even easier, since there is no anisotropy on the macroscopic scale.
Sorption-induced deformation
The deformation of the sample induced by n-pentane sorption was determined independently by in-situ dilatometry and in-situ SAXS. The macroscopic strain dilatometry as a function of n-pentane relative vapor pressure was directly derived from the length of the monolithic cylindrical sample measured by in-situ dilatometry, i.e.
with 0 being the length of the cylindrical sample monolith. The strain of the mesopore lattice was calculated from the shift of the Bragg peaks in Figure 3a . (10) Bragg reflection for four different relative vapor pressures during n-pentane desorption. There is a clear non-monotonous peak shift observable, and the pore lattice strain was calculated by [16] SAXS ( / 0 ) =
where 10 is the center of mass of the (10) Bragg-peak at the respective relative pressure / 0 . The reference state ( (0) = 0) corresponds for both techniques to the evacuated sample.
For the following discussion we will consider the desorption branch of the npentane isotherm only. The reasons for this are twofold. First, problems may occur with equilibrium in the adsorption branch for the in-situ SAXS measurements due to the continuous sorption mode used. Second, the strain data recorded for the desorption branch of the isotherm are expected to be similar to the ones in the adsorption branch except for more pronounced capillary effects [24, 25] . Thus the analysis of the desorption branch will allow for a better distinction of different stages of mesopore filling. The desorption strain-isotherms, i.e. the strains measured as a function of relative vapor pressure during desorption, are presented in Figure 5 together with the desorption isotherm simultaneously recorded during the dilatometry experiment.
The two strain isotherms from in-situ SAXS and in-situ dilatometry are qualitatively of similar shape, but exhibit a clear offset in the dilatometric signal, which decreases when reducing the relative pressure from saturation ( / 0 = 1) to zero. At the lowest relative pressure measured in the dilatometric experiment (point D in Fig. 5 ) the offset is about 0.2%. It should be noted that this offset is also found in the adsorption branch of the strain isotherms and can there- Strain isotherms obtained from in-situ dilatometry (black circles) and in-situ SAXS (blue diamonds) for the desorption of n-pentane, shown together with the respective simultaneously measured n-pentane sorption isotherm (as in Figure 3 ). Experimental error bars are typically smaller than the symbol size.
fore not be attributed to long term drifts in either experiment. The data rather indicates that this offset is due to a rapid change of the strain upon adsorption at very low pressures for the in-situ dilatometry measurement, while almost no strain is observed for the in-situ SAXS experiment in this pressure range. Given the microporosity present in the material, it seems reasonable that the strain at low relative pressures results from deformation related to micropore filling. However, it is a priori not clear, how micropore filling could lead to an expansion of the whole hierarchical network without having an impact on the mesopore lattice as well. Another obvious difference between both experiments is the temperature, i.e. 273 K for in-situ dilatometry and 293 K for in-situ SAXS, which also affects the n-pentane properties. For this study especially the change in the molar volume and the surface tension of n-pentane are relevant. The respec-tive values are pentane (273 K) = 112 cm 3 /mol, pentane (293 K) = 115 cm 3 /mol, pentane (273 K) = 18.22 mN/m and pentane (293 K) = 16.01 mN/m [36] . As the various mechanisms of sorption-induced deformation are expected to change differently with temperature, this potential source of deviations between both measurements will be discussed individually for the different sections of the strain isotherms.
Given the above considerations, we divide the strain isotherms in 3 sections (see Fig. 5 ) and compare respective sections of both strain data sets separately. To keep the chronological order of the experiment, we analyze the strain data from point A, the highest relative pressure measured, to point D, the lowest relative pressure measured for in-situ SAXS and in-situ dilatometry.
Region 1 covers the plateau of the sorption isotherm (point A to point B in Figure 5) , i.e. the region of completely liquid filled pores. Here both strain isotherms show monotonic contraction with decreasing relative pressure exhibiting a local minimum at point B. This behavior is qualitatively in good agreement with the theoretical predictions [24, 25, 28, 29] as well as with previous experimental results [9, 12, 16, 17] . According to these references the strain observed in the plateau region can be attributed to the capillary pressure created in the liquid by the hemispherical meniscus of the liquid-vapor interfaces at the pore ends:
where denotes the universal gas constant and the temperature. Also demonstrated in the references given above, the ratio between the capillary pressure and the measured strain in region 1 yields an elastic constant, which in the context of strain measurements on SBA-15 was termed "pore load modulus" ( PL ). A linear fit of SAXS vs. ln( / 0 ) yields a value of PL = 1.5 GPa, which is considerably lower as the one obtained for SBA-15 ( PL = 6 GPa, [17] ). This result falls in line with the general higher absolute strain observed by in-situ SAXS for this sample when compared to SBA-15 studied under similar conditions [17, 29] . From the mechanical point of view the lower pore load modulus may be attributed to the significantly higher microporosity present in the silica framework of this sample, and/or to different mechanical properties of the solid silica framework due to organic inclusions (see also low solid density in Table 1 ).
For quantitative comparison to dilatometry we simply calculated the ratio of the strain measured by both techniques from point A to point B, i.e. (4)). Therefore, we conclude that the strain due to capillary pressure is essentially linearly transferred from the mesopores (aligned in parallel with the orientation of the struts) onto the macroscopic length of the sample.
Region 2 extends from the low relative pressure end of the plateau of the sorption isotherm (point B) to the closure of the capillary hysteresis (point C), i.e. the transition from filled pores to the region of multilayer formation. It should be noted that there is no such transition region in the work by Gor and Neimark [24, 25] , nor in the simulations of Schoen et al. [28] , since in theory capillary condensation/evaporation for ideal mesopores takes place in a discontinuous manner. In experiments with materials of finite pore size distribution, however, capillary condensation/evaporation is related to a finite interval in relative pressure. With respect to the determination of SAXS this region has to be treated with care. In contrast to region 1, for each relative pressure within region 2 an inhomogeneous distribution of just emptied pores with capillary pressure not acting anymore on the walls is surrounded by smaller, still filled pores with the maximum capillary pressure acting. In terms of the interpretation of the Bragg peak-shifts, this bears considerable problems for two reasons. First, the strain is far from being homogeneous which can be clearly seen in the experimental data. When comparing for instance the (10) peaks in Figure 4 before and after capillary evaporation (i.e. at / 0 = 0.74 and 0.54), it is obvious that there is rather a peak narrowing than a peak shift indicating inhomogeneous strains. The second reason is related to the definition of SAXS itself by the relative shift of the center of mass of the (10) Bragg reflection. At a given pressure in this transition regime only mesopores smaller than a certain threshold value are filled with liquid, while larger pores are empty. This leads to characteristic changes in the scattering contrast as compared to the completely filled or completely empty sample. In turn, this can strongly influence the shape of the Bragg reflection, and consequently also its center of mass, creating an apparent strain which has nothing to do with a real pore lattice deformation. This effect was recently described and quantified in some detail [50] , but it is still very difficult to quantitatively separate these apparent strains from the real pore lattice deformation.
The quantitative comparison of both strain isotherms in region 2 results in ( Dilatometry ) B→C /( SAXS ) B→C = 0.19. Given the above mentioned difficulties in the evaluation of strain from SAXS data in this region we do not want to overinterpret this discrepancy between the strains from in-situ SAXS and in-situ dilatometry in terms of real mechanical behavior of the sample. It should be noted that the changes in measurement temperature and n-pentane properties can by no means explain the drastic deviation between both techniques observed in this region. Region 3 extends from the closure of the capillary hysteresis (point C) to the lowest relative pressure measured in both techniques (point D), i.e. the relative pressure range of mono-and multilayer formation, often termed "film region". As discussed before, both strain isotherms exhibit an offset of approximately 0.2% at point D. From point C to point D both strain isotherms show a monotonic contraction for decreasing relative pressure, which fits qualitatively to predictions by DBdB theory and DFT for individual cylindrical mesopores [24, 25, 29] . The ratio of net strains is ( Dilatometry ) C→D /( SAXS ) C→D = 1.37 again showing a significant deviation in the results of both techniques. The difference in measurement temperatures and the slightly different n-pentane properties appear far too small to explain this result.
To explore potential reasons for the observed deviations we first consider the film formation, where two contrary effects are expected for an isolated ideal cylindrical mesopore [24, 25, 29] . One is a pressure in the liquid resulting from the reduction of the pore wall's surface energy, which for wetting fluids should cause monotonic expansion with increasing relative pressure. This effect was first proposed by Bangham and co-workers [3] and is therefore often referred to as "Bangham effect". The corresponding pressure is directly proportional to the reduction of the solid surface energy solid . The second contribution is the Laplace pressure, which in case of a concave circular fluid-vapor interface is contractive; here the concave interface is formed by the adsorbate film on the inside of the cylindrical mesopores. Theoretical modelling of n-pentane adsorption in cylindrical mesopores predicts the expansive Bangham effect to be dominant [29] , whichas stated above -fits both experimental data sets. Using the procedure summarized in [22] we calculate the surface energy reduction solid from the n-pentane sorption isotherm and plot solid versus the corresponding strains as seen by insitu dilatometry and in-situ SAXS. The results presented in Figure 6 show a linear relation between surface energy reduction and dilatometric strain in region 3. In contrast, the in-situ SAXS data set follows this trend only at low relative pressure while exhibiting smaller strains at higher relative pressures (and therefore higher solid ) as expected from the change in solid . Figure 6 suggests that the strain seen by SAXS might reflect a superposition of the (negative) Laplace pressure and the (positive) pressure resulting from reduction of the solid surface tension. In contrast dilatometric data seem to be solely resulting from the reduction of solid surface energy, i.e. the Bangham effect. However, such an explanation is very disputable, as it gives immediately rise to the question, how the Laplace pressure can significantly affect the strain measured by in-situ SAXS without resulting in a dilatometric strain on the macroscopic scale.
Another aspect to be considered is the anisotropy of the mesopore structure: both, Bangham effect and Laplace pressure, originate from the liquid-like film on the mesopore wall. For a perfectly cylindrical pore, Bangham effect as well as Laplace pressure will act only radially on the pore walls, leading to an anisotropic Figure 5 , respectively, are marked. It should be noted that the linear fit of the SAXS data is merely the fit of the dilatometric strain data shifted by an offset, i.e. the slope of both lines is identical.
compensating stress in the pore walls. It has been pointed out by Scherer [6] that for the simple case of a cylinder radial stress causes axial stress twice as large. Of course our geometry of cylindrical pores on a hexagonal lattice, leaving interconnected struts of solid pore walls of complex cross-sectional shape is somewhat different. Moreover, the pore walls are corrugated due to the corona as discussed above. Nonetheless, we would expect a higher axial stress as compared to the radial stress within the mesopore walls.
Obviously axial and radial strains are perceived differently by the experimental methods applied in this study. While in-situ SAXS determines only the radial strains in the mesopore lattice, in-situ dilatometry measures the linear deformation of the isotropic macroscopic sample, and therefore the volumetric strain of the whole network. Given that for the struts forming the network of our sample, the ratio of length to diameter is significantly larger than 1 (see Fig. 1b) , axial strain will dominate the dilatometric strain. Therefore the generally higher dilatometric strain as compared to the strain measured by in-situ SAXS is qualitatively reasonable. It should be noted that in the work of Shao et al., which compared macro-and microscopic strains due to the electrosorption of ions in mesoporous gold [34] , similar differences between dilatometric strain and, in their case, the gold crystal lattice deformation were reported.
We conclude that the actual reason for the deviations in strain seen by in-situ dilatometry and in-situ SAXS are not fully understood in particular for region 3. Besides experimental artifacts, the only remaining explanation is a rather complex strain transfer inside the joints, where several strut bundles meet (see Fig. 1b and c). Consequently, we suggest future work on this topic to focus on the transfer of strain by macroscopic networks in particular joints and nodes.
Conclusion
A monolithic silica-based material with hierarchical porosity was synthesized and thoroughly characterized by SEM, N 2 sorption and SAXS. The sample consisted of a macroporous network of struts with each strut exhibiting cylindrical mesopores on an ordered 2D hexagonal lattice and additional micropores within the mesopore walls. It turns out that for such complex materials it is not sufficient to rely exclusively on N 2 sorption when characterizing micro-and mesopores. The previously developed corona model for the evaluation of the pore form factor with SAXS can be used to characterize the corrugated and microporous mesopore walls and separate ordered and disordered contributions to the total porosity. It was found that the special HCl/EtOH treatment for gel drying and template removal lead to a material with low solid density and a large amount of non-ordered porosity within the ordered mesopore walls.
Using this material, for the first time the sorption-induced mechanical responses of the macroscopic network and the mesopore lattice were independently determined by in-situ dilatometry and in-situ SAXS on the same sample. In the region above the vapor pressure for capillary condensation, where the mesopores are completely filled with liquid, the mechanical response obtained by both techniques is very similar. In this region, the capillary pressure due to the curved liquid-vapor interface at the pore ends appears to be the only contribution to deformation. In contrast, in the region of micropore filling and mesopore film formation at vapor pressures below capillary condensation, the two measured strains differ qualitatively and quantitatively. Here, both, the surface energy of the solid as well as the Laplace pressure due to the curved liquid-vapor interface change with relative vapor pressure. The difference between the strains measured by insitu dilatometry and in-situ SAXS may be attributed to the different sensitivity of both techniques to anisotropic stress states within the strut network. While insitu SAXS is exclusively sensitive to the deformation of the pore lattice, which is a measure for the change of the (radial) strut thickness, in-situ dilatometry is sensitive to the isotropic volume change of the network, which is probably more strongly related to changes in the (axial) strut length. The detailed differences in the strain isotherms from in-situ SAXS and in-situ dilatometry, however, cannot yet be explained in full detail. For the transition region between filled pores and mesopore film formation both measurement techniques reveal significant devia-tions, which may be attributed to the challenging task of evaluating in-situ SAXS strain data reliably in this regime.
In terms of mechanical properties, an elastic constant derived from in-situ SAXS data suggests that the material at hand is much more compliant at the strut level as compared to other silica materials like SBA-15 or MCM 41. This effect might be related to the low solid density and the high amount of disordered microporosity of the material, demonstrating the possibility to influence and potentially control the mechanical properties at different hierarchical levels.
